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Neuronal networks are dynamically modified by
selective synapse pruning during development and
adulthood. However, how certain connections win
the competition with others and are subsequently
maintained is not fully understood. Here, we show
that C1ql1, a member of the C1q family of proteins,
is provided by climbing fibers (CFs) and serves as
a crucial anterograde signal to determine and main-
tain the single-winner CF in the mouse cerebellum
throughout development and adulthood. C1ql1 spe-
cifically binds to the brain-specific angiogenesis
inhibitor 3 (Bai3), which is a member of the cell-
adhesion G-protein-coupled receptor family and ex-
pressed on postsynaptic Purkinje cells. C1ql1-Bai3
signaling is required for motor learning but not for
gross motor performance or coordination. Because
related family members of C1ql1 and Bai3 are ex-
pressed in various brain regions, the mechanism
described here likely applies to synapse formation,
maintenance, and function in multiple neuronal cir-
cuits essential for important brain functions.
INTRODUCTION
In mammals, precise neuronal network formation is generally
achieved by selective synapse pruning: a few inputs are
strengthened by increasing the number of their synaptic con-
tacts, while weak inputs are physically removed. As a model of
activity-dependent synapse refinement in the central nervous
system (CNS), postnatal pruning of supernumerary synapses be-
tween climbing fibers (CFs, axons of inferior olivary [IO] neurons)
and Purkinje cells in the cerebellum has been extensively studied
(Cesa and Strata, 2009; Kano and Hashimoto, 2009; Lohof et al.,316 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.1996; Watanabe and Kano, 2011). Multiple CFs initially innervate
a single Purkinje cell soma, but a single CF becomes dominant
in a postsynaptic, voltage-dependent Ca2+ channel activity-
dependent manner during postnatal days (P) 3–7 in mice
(Kano and Hashimoto, 2009; Watanabe and Kano, 2011). The
‘‘single-winner’’ CF translocates to the Purkinje cell dendrites
around P9, and the rest of the CFs remaining on the soma are
eventually eliminated by P21 (Hashimoto et al., 2009). CF prun-
ing is reportedly regulated by activities in Purkinje cells mediated
by parallel-fiber (PF, an axon of a granule cell) inputs throughme-
tabotropic glutamate receptor 1 (mGluR1), as well as inhibitory
inputs through g-aminobutyric acid (GABA) receptors (Kano
and Hashimoto, 2009; Watanabe and Kano, 2011). Although a
recent live-imaging study indicated that translocation of CF syn-
apses to dendrites may provide a competitive advantage to the
winner CF (Carrillo et al., 2013), how a selected CF is strength-
ened remains unclear. Furthermore, although brain-derived neu-
rotrophic factor and insulin-like growth factor are suggested to
be involved in strengthening CF synapses, the site of synaptic
expression and action remains largely elusive (Watanabe and
Kano, 2011). In addition, while CF synapses further undergo ac-
tivity-dependent expansion or retraction throughout adulthood
(Cesa and Strata, 2009), how the winner CF is maintained is
unknown.
C1q, which is a member of the innate immune system, recog-
nizes various targets via its C-terminal globular domain (gC1q).
Recently, C1q released from neurons has been shown to regu-
late postnatal elimination of inactive synapses between retinal
ganglion cells and the lateral geniculate nucleus in vivo (Stevens
et al., 2007). The group of proteins containing the gC1q domain is
referred to as the C1q family. Like adiponectin, which is released
fromadipose tissues and regulates glucose and lipidmetabolism
in muscle and liver, most C1q family members are secreted and
involved in various signaling pathways (Kishore et al., 2004; Yu-
zaki, 2008). In the cerebellum, Cbln1, a cerebellin family of C1q
homologous, is released from granule cells and plays a crucial
role in the formation and maintenance of PF-Purkinje cell synap-
ses by binding to its postsynaptic receptor, the delta2 glutamate
receptor (GluD2) (Matsuda et al., 2010). C1q-like familymembers
(C1ql1–C1ql4) are also expressed in the CNS (Iijima et al., 2010;
Shimono et al., 2010) and are implicated in synapse formation or
elimination in cultured hippocampal neurons in vitro (Bolliger
et al., 2011). It is interesting that C1ql1 mRNA is selectively
and highly expressed in IO neurons (Iijima et al., 2010) during
development and throughout adulthood. Here, we examined
the hypothesis that C1ql1 provided by CFs may regulate CF syn-
apse formation, elimination, and maintenance in vivo. We found
that C1ql1 plays a crucial role in strengthening and maintaining
single-winner CFs by binding to brain-specific angiogenesis
inhibitor 3 (Bai3), a cell-adhesion G protein-coupled receptor
(GPCR) that is constitutively expressed in Purkinje cells. Further-
more, our in vivo results demonstrate that C1ql1–Bai3 signaling
is essential for CFs to mediate normal motor learning but not
gross motor coordination.
RESULTS
C1ql1 Is Required to Win CF Competition
We first investigated the localization of endogenous C1ql1
proteins in the wild-type (WT) mouse cerebellum. Immunohisto-
chemical (IHC) analysis revealed punctate C1ql1 immuno-
reactivity in the molecular layer of the cerebellum along the
proximal dendrites of Purkinje cells (Figure 1A). The C1ql1-im-
munopositive puncta were mostly located at the edge of CF ter-
minals (74% ± 4%, n = 1,195 puncta from 10 slices), which were
immunopositive for vesicular glutamate transporter 2 (vGluT2).
Similarly, postembedding immunogold electron microscopy
(EM) analysis revealed high levels of C1ql1 immunoreactivity at
presynaptic sites and CF synaptic clefts (Figure 1B). These re-
sults suggest that, like Cbln1 at PF synapses, the C1ql1 protein
provided by CFs localizes at CF synapses.
To investigate the physiological functions of C1ql1, we
generated mice in which the C1ql1 gene was disrupted (Figures
S1A and S1B available online). IHC and immunogold EM
analyses revealed essentially no C1ql1 immunoreactivity (Fig-
ures 1A, 1B, and S1C) in C1ql1-null cerebellum. The cerebella
of C1ql1-null mice exhibited normal foliation and laminated
cortical structures (Figure S1D). IHC analysis of adult cerebellar
slices (Figure 1C) revealed that the number of vGluT2-positive
puncta was significantly reduced in C1ql1-null cerebella (76 ±
2, n = 10 slices) compared to WT (243 ± 6, n = 10 slices, p <
0.001; Figure 1D). Although CF terminals translocated to den-
drites and penetrated 85% ± 1% (n = 10 slices) of the molecular
layer thickness in adult WT cerebella, the depth reached by
most distal CF terminals was significantly smaller in C1ql1-null
cerebella (68% ± 1%, n = 10 slices, p < 0.001; Figure 1E).
The reductions in CF terminal number and height were not
observed in C1ql1-null cerebella at P9 but became increasingly
evident during development (Figures 1D and 1E). In contrast,
although PF and inhibitory inputs to Purkinje cells are reported
to affect CF synapse elimination processes (Kano and Hashi-
moto, 2009; Watanabe and Kano, 2011), no changes were
observed in the number or distribution of vesicular glutamate
transporter 1 (vGluT1, a marker for PF terminals; Figure S1E)
or vesicular GABA transporter (vGAT, a marker for inhibitory
fiber terminals; Figure S1F). These results indicate that CFrefinement processes at stages later than P9 were specifically
impaired in C1ql1-null cerebella.
Next, we evaluated CF synapse function by assessing CF-
evoked excitatory postsynaptic currents (CF-EPSCs) in Purkinje
cells with whole-cell patch-clamp recordings. The number of
functional CF synapses on single Purkinje cells was estimated
by varying the stimulus intensity because a single CF input
has a single threshold for excitation. At P4–P6, both WT and
C1ql1-null Purkinje cells were innervated by a similar number
(from three to nine) of CFs (p = 0.15; Figures 1F and 1G). Among
these CF inputs, a single CF-EPSCwas already dominant in both
WT (disparity index = SD/mean of CF-EPSC amplitudes; 0.67 ±
0.05, n = 24) and Clql1-null (0.65 ± 0.05, n = 26) Purkinje cells
(p = 0.70). In contrast, although single CF-EPSCs were elicited
in 89%ofWTPurkinje cells by P22–P28, only 57%of the Purkinje
cells attained a one-to-one relationship with CFs in C1ql1-null
mice (p < 0.01; Figure 1G). Furthermore, while the amplitude of
the largest CF-EPSCs steadily increased during development
in WT mice, it remained constant after P7–P9 in C1ql1-null
mice (Figure 1H). Finally, voltage-dependent Ca2+ channel cur-
rents, which reportedly regulate the initial functional differentia-
tion of multiple CF inputs during P3–P7 (Hashimoto et al.,
2011), were similar between WT and Clql1-null cerebella (Fig-
ure S2). These results suggest that the winning CFs, which
were selected during the initial functional differentiation stage
by P7, were not further strengthened in the absence of C1ql1.
To examine causal relationships between C1ql1 expression
and determination of the winner CFs, we expressed C1ql1
together with enhanced GFP in WT IO neurons at P0–P1 with
lentivirus vectors (Figure 2A). GFP expression was detected in
essentially all CF terminals surrounding the observed Purkinje
cell soma by P5 (Figure 2B). At P7–P8, Purkinje cells were inner-
vated bymultiple CFs overexpressing C1ql1, with a dominant CF
producing the largest EPSC in a manner similar to that of GFP-
only-expressing Purkinje cells (Figure 2C). It is interesting that
the amplitudes of the strongest CF-EPSC and also of the weaker
CF-EPSCs were increased by C1ql1 overexpression in CFs (Fig-
ure 2D). Thus, C1ql1, at least when overexpressed in IO neurons,
could enhance synaptic connectivity between CF and Purkinje
cells, regardless of the original synaptic strength.
Unexpectedly, at P14–P15, 79% of Purkinje cells had already
attained a one-to-one relationship when C1ql1 was overex-
pressed in CFs, compared to only 57% of control Purkinje
cells innervated by single CFs (p < 0.05; Figures 2E and 2F).
The amplitude of the dominant CF-EPSCs was significantly
larger in Purkinje cells innervated by CFs overexpressing C1ql1
at all developmental stages (Figure 2G). Thus, although synaptic
connections at less dominant CFs were enhanced by C1ql1
overexpression, their elimination was also facilitated. These re-
sults indicate that C1ql1 has dual functions: strengthening
existing CF synapses and inducing the elimination of inactive
synapses (see Discussion).
Purkinje-Cell-Specific Bai3-Null Mice Phenocopy
C1ql1-Null Mice
Recently, affinity chromatography identified C1ql proteins as
ligands for Bai3, a member of the cell-adhesion GPCR family
(Bolliger et al., 2011). Although Bai3 was reported to regulateNeuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc. 317
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Figure 1. C1ql1 Is Localized at CF Synapses during Their Formation and Maturation
(A) IHC images of endogenous C1ql1 in adult WT (left) and C1ql1-null (right) mouse cerebella. Areas surrounded by white squares are magnified in the lower
panels. Scale bars in upper and lower panels, 20 mm and 3 mm, respectively.
(B) Postembedding immunogold EM images of endogenous C1ql1 in adult WT mouse cerebellum. C1ql1 and vGluT2 (a marker for CF terminals) were im-
munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cell spine. Red arrows indicate gold particles labeling C1ql1 around CF synapses.
Scale bar, 200 nm. Histogram shows the vertical distribution of C1ql1-positive particles around CF synapses. Distances were measured from the midline (dotted
line) of the synaptic cleft to the center of immunogold particles. On the x axis, negative and positive numbers represent presynaptic or postsynaptic side,
respectively, from the midline.
(C) IHC images of vGluT2 in adult WT (left) and C1ql1-null (right) mouse cerebella. Dotted lines and asterisks represent pial surface and Purkinje cell soma,
respectively. Scale bar, 20 mm.
(D) Developmental changes in the density of vGluT2 puncta.
(E) Developmental changes in the localization of vGluT2 puncta. The relative height is represented as a percentage, where 100% is at the top of Purkinje cell distal
dendrites and 0% is at the Purkinje cell soma.
(F) CF-EPSC traces evoked by the paired-pulse stimulation (50 ms interstimulus interval) in various intensities in P5 (top) and adult (bottom) WT (left) and C1ql1-
null (right) mice.
(G and H) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (G) and the strongest CF-EPSC amplitudes (H).
*p < 0.05, **p < 0.01, ***p < 0.001 by two-way factorial ANOVA followed by Bonferroni post hoc test in (D), (E), and (H). *p < 0.05, **p < 0.01 byMann-Whitney U test
in (G). Data are represented as mean ± SEM.
See also Figures S1 and S2.synapse formation or elimination in cultured hippocampal neu-
rons in vitro (Bolliger et al., 2011) and affect dendrite morphogen-
esis (Lanoue et al., 2013), its in vivo localization and synaptic
functions have not been established. We first examined endog-
enous Bai3 in the cerebellum. IHC analysis revealed that,
like C1ql1, Bai3 immunoreactivity was mostly located adjacent
to vGluT2-positive CF terminals in WT mice (69% ± 5%, n =
1,003 puncta from 10 slices; Figure 3A). Superresolution micro-
scopic analysis also revealed that, although C1ql1 and Bai3
immunoreactivities were mostly colocalized, Bai3 was located
in more peripheral regions along vGluT2 (Figure 3B). Similarly,318 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.postembedding immunogold EM analysis revealed that Bai3
immunoreactivity was highly abundant at postsynaptic sites
and in CF synaptic clefts (Figure 3C). These results support the
view that, like GluD2 for Cbln1 at PF synapses, Bai3 may serve
as a postsynaptic receptor for C1ql1 at CF synapses.
To examine whether C1ql1 serves as an endogenous ligand
for Bai3, we generated mice in which the Bai3 gene was
specifically disrupted in Purkinje cells (PC-Bai3-null mice; Fig-
ures S3A and S3B). IHC and immunogold EM analyses detected
essentially no Bai3 immunoreactivity in PC-Bai3-null cerebellum
(Figures 3A, 3C, and S3C), indicating that, indeed, Bai3 was
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Figure 2. C1ql1 Promotes CF Synapse Refinement during Development
(A) Cartoon showing the lentivirus injection into IOs in WT mouse pup (P0–P1) for the expression of C1ql1.
(B) IHC images of vGluT2 (red in dashed circles) expression along GFP-positive CFs surrounding Purkinje cell soma at P5. Purkinje cells were immunostained for
calbindin (white). Scale bar, 5 mm.
(C) CF-EPSCs evoked by various stimulus intensities from P7 WT cerebellar slices, in which CFs expressed GFP only (CTL, top) or GFP plus C1ql1 (C1ql1 OE,
bottom).
(D) Histograms showing total CF-EPSC amplitude (Total) and the mean amplitudes of CF-EPSCs evoked by the strongest, second strongest (2nd), or third
strongest (3rd) CF activation.
(E) CF-EPSCs recorded from P14 (left) and P21 (right) cerebellar slices.
(F and G) Developmental changes in the percentage of the number of CFs innervating single Purkinje cells (F) and the strongest CF-EPSC amplitudes (normalized
by the amplitude in CTL, G).
*p < 0.05, **p < 0.01 by Mann-Whitney U test. Data are represented as mean ± SEM.postsynaptically located at CF synapses. Although PC-Bai3-null
mice had normal cerebellar structure (Figure S3D) and immuno-
reactivities for vGluT1 and vGAT in cerebellar slices (Figures S3E
and S3F), the numbers of vGluT2-positive puncta were signifi-
cantly reduced in adult PC-Bai3-null cerebella (47 ± 5, n = 10
slices) compared to control littermate (185 ± 8, n = 10 slices;
p < 0.001; Figures 3D and 3E). In addition, the depth of the
molecular layer thickness reached by the most distal CF termi-
nals was significantly less in PC-Bai3-null (74% ± 1%, n = 10
slices) than in control (84% ± 1%, n = 10 slices) cerebella(p < 0.001; Figure 3F). Whole-cell patch-clamp recordings from
adult PC-Bai3-null cerebellar slices revealed that only 68% of
Purkinje cells attained a one-to-one relationship with CFs (p <
0.001 versus control; Figures 3G and 3H). Furthermore, the am-
plitudes of the strongest CF-EPSCs were significantly smaller in
PC-Bai3-null Purkinje cells (p < 0.01 versus control; Figure 3I).
Together, these results indicate that PC-Bai3-null mice phe-
nocopied C1ql1-null mice.
To further examine whether the function of Bai3 was mediated
by C1ql1 binding, we next designed a Bai3 mutant that could notNeuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc. 319
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bind C1ql1. Surface plasmon resonance (SPR) assays revealed
that the extracellular domain of Bai3 (eBai3WT) bound to C1ql1
with a dissociation constant (KD) of 2 mM; this interaction was
significantly reduced by deleting the N-terminal CUB (comple-
ment C1r/C1s, Uegf, Bmp1) domain (eBai3DCUB; KD > 100 mM;
Figures 3J, S4A, and S4B). Conversely, the short N-terminal
region of Bai3 containing the CUB domain (nBai3CUB) was suffi-
cient for C1ql1 binding (KD = 0.3 mM; Figures 3J and S4C). Simi-
larly, C1ql1 proteins strongly bound to heterologous cells ex-
pressing full-length Bai3 (Bai3WT) but not to cells expressing
Bai1, Bai2, or Bai3 lacking the CUB domain (Bai3DCUB) (Figures
S4F and S4G). We introduced cDNAs encoding GFP only, GFP
plus Bai3WT, or GFP plus Bai3DCUB into PC-Bai3-null Purkinje
cells by in utero electroporation (IUE) at embryonic day (E)
11.5 (Figure 3K). Whole-cell patch-clamp recordings revealed
that, although expression of Bai3WT in PC-Bai3-null Purkinje
cells restored a one-to-one relationship with CFs, expression
of Bai3DCUB or GFP alone was insufficient (p < 0.05; Figures 3L
and 3M). Furthermore, the amplitudes of the strongest CF-
EPSCswere significantly increased in PC-Bai3-null Purkinje cells
expressing Bai3WT compared to cells expressing Bai3DCUB or
GFP alone (p < 0.001; Figures 3L and 3N). Because Bai2, a
closely related cell-adhesion GPCR that shares similar domain
structures (Stephenson et al., 2014), is reportedly expressed
on Purkinje cells along with Bai3 (Selimi et al., 2009), we gener-
ated mice in which the Bai2 gene was disrupted specifically in
Purkinje cells (PC-Bai2-null mice; Figures S5A and S5B). In
contrast to PC-Bai3-null mice, PC-Bai2-null cerebellum showed
no changes in the amount or distribution of vGluT2 immunoreac-
tivity (Figures S5C–S5E). Together, these results indicate that the
function of Bai3 at CF synapses is mediated by the CUB domain,
which C1ql1 directly binds.
C1ql1–Bai3 Triggers Pruning of Surplus CFs in
Adult Mice
Although synaptic pruning could occur throughout adulthood
(Cesa and Strata, 2009; Holtmaat and Svoboda, 2009), it is un-Figure 3. C1ql1 Is an Endogenous Ligand for Bai3 to Win the CF Comp
(A and B) Confocal (A) and superresolution structured illumination (SIM; B) microsc
vGluT2 (green in A and blue in B) immunoreactivities in the molecular layer of adul
(blue in A). Scale bars, 20 mm and 3 mm in the upper and lower left panels, respe
(C) Postembedding immunogold EM images of endogenous Bai3 in adult WT
munolabeled with 10 nm and 20 nm gold particles, respectively. sp, Purkinje cel
Scale bar, 200 nm. Histogram shows the vertical distribution of Bai3-positive pa
(D) IHC images of vGluT2 in adult PC-Bai3-null (right) and its control littermate (C
Purkinje cell soma, respectively. Scale bar, 20 mm.
(E and F) Quantification of the density (E) and the height (F) of vGluT2 puncta in
(G) CF-EPSCs evoked by various stimulus intensities in adult PC-Bai3-null (right
(H and I) Histograms showing the percentage of the number of CFs innervating s
(J) Diagrams of a full-length Bai3 (Bai3WT, top left) and a Bai3 lacking CUB domain
to the extracellular region of Bai3WT (eBai3WT), N-terminal region containing CU
thrombospondin repeats; HB, hormone-binding domain; GPS, GPCR proteolysis
(K) Cartoon showing IUE to PC-Bai3-null embryo at E11.5. cDNA solution was lo
(L) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing BaiWT
(M and N) Histograms showing the percentage of the number of CFs innervatin
condition.
**p < 0.01, ***p < 0.001 byMann-Whitney U test in (E), (F), (H), and (I). *p < 0.05, ***p
no significance. Data are represented as mean ± SEM.
See also Figures S3–S6.clear whether the molecules involved in developmental pruning
exert their functions in the adult brain. To address this question,
we next expressed C1ql1 (C1ql1WT) in adult C1ql1-null IO neu-
rons with adenoassociated virus (AAV) vectors (Figure 4A).
Whole-cell patch-clamp recordings showed that, although
38% of Purkinje cells remained innervated by multiple CFs in
the adult C1ql1-null cerebellum, 84% of Purkinje cells attained
a one-to-one relationship with CFs by expressing C1ql1WT (p <
0.05; Figures 4B and 4C). Furthermore, the amplitudes of the
strongest CF-EPSCs were significantly increased by C1ql1WT
expression in adult C1ql1-null mice (p < 0.001; Figure 4D).
Although it is difficult to rule out the possibility that CFs in
C1ql1-null mice are in a state of permanent immaturity, these re-
sults indicate that C1ql1 can strengthen CF synapses and pro-
mote CF pruning to determine a single-winner CF, even at the
adult stage in C1ql1-null mice.
To test whether the function of C1ql1 in adult synaptic pruning
wasmediated by Bai3 as observed during development, we next
designed a mutant C1ql1 that did not bind Bai3. Because the
C-terminal globular C1q domain of C1ql1 (gC1ql1; Figure 4E)
was sufficient for binding to Bai3 (Figure S4D), we solved the
crystal structure of gC1ql1 (Figure 4F; Table 1). Based on this
structure, we designed a ‘‘glycan wedge’’ mutant by introducing
two N-linked glycosylation sites in each subunit of the trimeric
gC1ql1 domain (C1ql1GW; Figures 4E and 4F); the attachment
of a bulky N-glycan moiety to Asn residues has been shown to
prevent specific protein-protein interactions (Luo et al., 2003;
Rondard et al., 2008). Indeed, SPR assays demonstrated that
C1ql1GW did not retain any binding to Bai3 (Figures 4E and
S4E). Similarly, C1ql1GW proteins did not bind to cells expressing
full-length Bai3 (Figures S4F and S4G). C1ql1WT and C1ql1GW
were similarly expressed in vGluT2-positive CF terminals
(Figure S6A), indicating that binding of Bai3 was likely to be
nonessential for localizing C1ql1 at CF terminals. Whole-cell
patch-clamp recordings showed that, unlike C1ql1WT, expres-
sion of C1ql1GW in CFs did not restore the normal process of
CF synapse elimination in C1ql1-null mice (Figures 4B and 4C).etition
opic images of endogenous Bai3 (red in A and green in B), C1ql1 (red in B), and
t WT and C1ql1-null cerebella. Purkinje cells were immunostained for calbindin
ctively, in (A) and 200 nm in (B).
mouse cerebellum. Bai3 and vGluT2 (a marker for CF terminals) were im-
l spine. Red arrows indicate gold particles labeling Bai3 around CF synapses.
rticles around CF synapses.
TL, left) mouse cerebella. Dotted lines and asterisks represent pial surface and
the molecular layer of each mouse.
) and CTL (left) mice.
ingle Purkinje cells (H) and the strongest CF-EPSC amplitudes (I).
(Bai3DCUB, top right) and the equilibrium SPR data (bottom) of the C1ql1 binding
B domain (nBaiCUB), and extracellular region of Bai3DCUB (eBai3DCUB). TSR,
sequence.
aded into the fourth cerebral ventricle (4V) to perform IUE.
(center), Bai3DCUB (right), and empty vector (CTL, left).
g single Purkinje cells (M) and the strongest CF-EPSC amplitudes (N) in each
< 0.001 by Kruskal-Wallis test followed by Steel post hoc test in (M) and (N). ns,
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Figure 4. C1ql1-Bai3 Signaling Triggers Surplus CF Synapse Elimi-
nation in Adult Mutant Mice
(A) Cartoon showing the AAV injection into adult C1ql1-null mouse IO for the
expression of C1ql1. Experiments were performed at 14–21 days postinfection
(dpi).
(B) CF-EPSCs recorded from adult C1ql1-null Purkinje cells innervated by CFs
expressing WT C1ql1 (C1ql1WT, center), C1ql1GW (right), and empty vector
(CTL, left).
(C and D) Histograms showing the percentage of the number of CFs inner-
vating single Purkinje cells (C) and the strongest CF-EPSC amplitudes (D) in
each condition.
(E) Diagrams (left) for C1ql1WT, C1ql1GW, and their globular domains (gC1ql1WT
and gC1ql1GW, respectively), and the equilibrium SPR data of each C1ql1
binding to eBai3 (right). RU, resonance unit.
(F) Cartoon representation of the gC1ql1WT (top) and gC1ql1GW (bottom)
trimeric structures. Individual monomers are separately colored. Glycosylation
sites introduced by mutagenesis (original residues were Q211 and S244) are
indicated by spheres in C1ql1WT. The gC1ql1GW trimeric structure is shown
with modeled Man9GlcNAc2 glycans (atoms in sphere representation).
(G) Cartoon showing the lentivirus injection into adult PC-Bai3-null mouse
cerebellum for the expression of Bai3. Experiments were performed at 14–21
dpi.
(H) CF-EPSCs recorded from adult PC-Bai3-null Purkinje cells expressing WT
Bai3 (Bai3WT, center), Bai3DCUB (right), and empty vector (CTL, left).
(I and J) Histograms showing the percentage of the number of CFs innervating
single Purkinje cells (I) and the strongest CF-EPSC amplitudes (J) in each
condition.
*p < 0.05, ***p < 0.001 by Kruskal-Wallis test followed by Steel post hoc test.
ns, no significance. Data are represented as mean ± SEM.
See also Figures S4 and S6 and Table 1.
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not increased by C1ql1GW expression in adult C1ql1-null mice
(Figures 4B and 4D). These results indicate that the function of
C1ql1 in determining a single-winner CF in the adult brain is
mediated by an interface used for Bai3 binding.
Finally, to examine whether expression of Bai3 in adult PC-
Bai3-null Purkinje cells could also restore CF phenotypes, we
used lentiviral vectors to express Bai3WT or Bai3DCUB in Purkinje
cells (Figure 4G). Bai3WT and Bai3DCUB were similarly expressed
in dendritic spines of Purkinje cells (Figure S6B), indicating that
binding of C1ql1 was likely to be nonessential for localizing
Bai3 at postsynaptic sites. Whole-cell patch-clamp recordings
showed that Bai3WT, but not Bai3DCUB or empty vector, restored
the normal process of CF synapse elimination in PC-Bai3-null
mice (p < 0.05; Figures 4H and 4I). Similarly, the amplitudes of
the strongest CF-EPSCs were increased by Bai3WT expression
but not Bai3DCUB or empty vector in adult PC-Bai3-null mice
(p < 0.001; Figures 4H and 4J). These results indicate that
C1ql1 provided by CFs and Bai3 in Purkinje cells likely act
together to trigger signaling pathways necessary for determining
single-winner CFs, even in the adult cerebellum.
The C1ql1-Bai3 Interaction Is Required to Maintain CF
Synapses
C1ql1 and Bai3 continue to be expressed in the adult brain (Iijima
et al., 2010; Lanoue et al., 2013). To examine the functions of
C1ql1-Bai3 signaling in adults, we knocked down C1ql1 in
the IO neurons of adult WT mice by infecting them with an
AAV that contained an engineered microRNA targeting C1ql1
plus the GFP gene (miR-C1ql1) (Figure 5A). Expression of miR-
Table 1. Crystallographic Data Collection and Structure
Refinement Statistics
Statistics gC1ql1
Data Collection
Space group H3
Cell dimensions: a, b, c (A˚) 68.08, 68.08, 65.91
Cell angles: a, b, g () 90.00, 90.00, 120.00
Resolution (A˚) 43.94–1.44 (1.48–1.44)
Total reflections 155,787 (11,142)
Unique reflections 20,630 (1,532)
Completeness (%) 100.0 (99.9)
Rmerge 0.067 (0.875)
Rpim 0.028 (0.378)
I/sI 16.9 (2.1)
Redundancy 7.6 (7.3)
Wilson B factor (A˚2) 11.55
Refinement Statistics
Resolution range (A˚) 34.04–1.44 (1.51–1.44)
Number of reflections 20,628 (2,956)
Rwork 0.140 (0.205)
Rfree
a 0.169 (0.255)
Number of atoms 1,121
Protein 1,029
Ligands (Cd, Ni, Mg, Cl) 7 (2, 2, 1, 2)
Water molecules 85
RMSD bonds (A˚) 0.006
RMSD angles () 1.096
Average B factors (A˚2)
Protein main/side chains 14.43/18.92
Cd/Ni/Mg/Cl 13.16/10.00/28.39/45.39
Water 31.01
This structure was determined from one crystal. Numbers in parentheses
refer to the highest resolution shell. Ramachandran statistics andMolpro-
bity scores are included in the Supplemental Experimental Procedures.
RMSD, root-mean-square deviation.
aRfree was calculated as per Rwork for a 5% subset of reflections that was
not used in the crystallographic refinement.C1ql1 significantly reduced C1ql1 immunoreactivities in GFP-
expressing IO neurons (17% ± 6% of IO neurons expressing
scrambled microRNA [miR-SCR], p < 0.05; Figure 5B). IHC anal-
ysis of cerebellar slices revealed that the number of vGluT2-pos-
itive puncta was significantly reduced in mice expressing miR-
C1ql1 (110 ± 9, n = 10 slices; Figures 5C and 5D) compared to
mice expressing miR-SCR (180 ± 6, n = 10 slices; p < 0.001; Fig-
ures 5C and 5D). In addition, the depth of the molecular layer
thickness reached by the most distal CF terminals was reduced
in mice expressing miR-C1ql1 (80% ± 1%, n = 10 slices; Figures
5C and 5E) compared to mice expressing miR-SCR (84% ± 1%,
n = 10 slices, p < 0.05; Figures 5C and 5E). In contrast, whole-cell
patch-clamp recordings from adult cerebellar slices revealed
that similar percentages of Purkinje cells were innervated by sin-
gle CFs in mice expressing miR-C1ql1 (83%; Figures 5F and 5G)
and miR-SCR (89%, p = 0.51; Figures 5F and 5G). Nevertheless,the amplitudes of the strongest CF-EPSCs were significantly
smaller in mice expressing miR-C1ql1 (p < 0.001 versus miR-
SCR; Figures 5F and 5H). The reduced amplitudes of CF-EPSCs
due to miR-C1ql1 expression were restored by coexpression of
the miR-C1ql1-resistant form of C1ql1WT (rC1ql1WT; p < 0.001
versus miR-C1ql1) but not the resistant form of C1ql1GW
(rC1ql1GW; p = 0.64 versus miR-C1ql1; Figures 5F and 5H). We
also knocked down Bai3 by infecting adult WT Purkinje cells
with a lentivirus containing an engineered microRNA targeting
Bai3 plus the GFP gene (miR-Bai3; Figure S7). We obtained
essentially the same results as those with miR-C1ql1. It is impor-
tant to note that the reduced CF-EPSC amplitudes observed
with miR-Bai3 were restored by coexpression of the miR-Bai3-
resistant form of Bai3WT but not Bai3DCUB (Figure S7). Together,
these results indicate that, even after a single final winner CFwas
selected, C1ql1-Bai3 signaling was necessary to maintain the
winner CF synapses on Purkinje cell dendrites.
C1ql1-Bai3 Signaling in Motor Learning
To understand the consequences of abnormal CF synapses
in vivo, we examined the behaviors of C1ql1-null and PC-Bai3-
null mice. Unexpectedly, thesemice showed no ataxia and could
walk along a straight line with regular steps (Movie S1). They
showed normal motor coordination on the rotor-rod test (Figures
S8A and S8B). Nystagmus, which is characteristic of GluD2-null
humans (Hills et al., 2013) and mice (Yoshida et al., 2004), was
absent in the C1ql1-null and PC-Bai3-null mice (Figures S8C–
S8E). These results indicate that innervation of Purkinje cells
by multiple CFs does not necessarily manifest as gross motor
discoordination or nystagmus.
To further clarify the role of C1ql1-Bai3 signaling in the cere-
bellum, we next examined adaptation of the horizontal optoki-
netic response (hOKR), a motor learning paradigm shown to be
dependent on the cerebellum (Ito, 2006). Continuous oscillation
of a screen around a stationary animal increases the hOKR gain
inWTmice (Figures 6A and 6B). Although the hOKRwas similarly
observed in all genotypes before the training (Figure 6B; Movie
S2), the gain did not increase in C1ql1-null and PC-Bai3-null
mice (Figures 6C and 6D; Movie S2), indicating that motor
learning was severely impaired in these mice.
According to the Marr-Albus-Ito theory, the activities of CFs
encode retinal slip errors that serve as a teacher signal to
induce long-term depression (LTD) of synaptic transmission
at concomitantly activated PF synapses, leading to hOKR
adaptation (Ito, 2013). To test this hypothesis, we examined
whether LTD could be induced in cerebellar slices prepared
from C1ql1-null and PC-Bai3-null mice by simultaneously acti-
vating PFs and CFs for 2 min at 1 Hz in the current-clamp mode
(Figure 6E). This protocol robustly induced LTD of PF-evoked
EPSCs (PF-EPSCs) in WT, but not C1ql1-null (p < 0.001; Fig-
ures 6F and 6G) or PC-Bai3-null (p < 0.001 versus control; Fig-
ures 6F and 6H), Purkinje cells. Activation of CF input triggers
dendritic spikes and a burst of somatic spikes known as
complex spikes in WT Purkinje cells (Eccles et al., 1966). The
occurrence of the complex spike was significantly reduced in
Purkinje cells from C1ql1-null (53 ± 9 in 120 trials, n = 22 versus
WT [118 ± 2 in 120 trials, n = 22]; p < 0.001 by Mann-Whitney U
test) and PC-Bai3-null mice (64 ± 8 in 120 trials, n = 24 versusNeuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc. 323
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B Figure 5. C1ql1-Bai3 Interaction Is Essential
for the Maintenance of CF Synapse in Adults
(A) Cartoon showing the AAV injection into adult WT
mouse IO for the introduction of miR-C1ql1 or miR-
SCR. Experiments were performed at 14–21 dpi.
(B) IHC images (left) and the quantitative data (right)
showing C1ql1 is knocked down by miR-C1ql1
(right) but not miR-SCR (left) in GFP-expressing IO
neurons. Scale bar, 100 mm.
(C) IHC images of vGluT2 in adult WT mouse cere-
bella with CFs expressing GFP plus miR-SCR (left)
or miR-C1ql1 (right). vGluT2 immunoreactivities are
binarized in the bottom. Dotted lines and asterisks
represent pial surface of the molecular layer and
Purkinje cell soma, respectively. Scale bar, 20 mm.
(D and E) Quantification of the density (D) and the
height (E) of vGluT2 puncta on the molecular layer of
each condition.
(F) CF-EPSCs evoked by various stimulus intensities
in adult WT cerebellar slices with CFs introducing
miR-SCR, miR-C1ql1, miR-C1ql1 plus a resistant
form of C1ql1 (rC1ql1WT) or miR-C1ql1 plus a
rC1ql1GW.
(G and H) Histograms showing the percentage of the
number of CFs innervating single Purkinje cells (G)
and the strongest CF-EPSC amplitudes (H) in each
condition.
*p < 0.05, ***p < 0.001 byMann-Whitney U test in (B),
(D), and (E). *p < 0.05, ***p < 0.001 by Kruskal-Wallis
test followed by Scheffe´ post hoc test in (H). ns, no
significance. Data are represented as mean ± SEM.
See also Figure S7.
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Figure 6. Abnormal CF Synapses Impair Synaptic Plasticity and Motor Learning in Adult Mutant Mice
(A) Cartoon showing hOKR system. The mouse was mounted on a table surrounded by a checked-pattern screen with its head fixed. Eye movements during
sinusoidal oscillation of the screen (15) were monitored.
(B–D) Representative hOKR waveforms before (pre) and 60 min after (post) training (B) and the data of hOKR acquisition for 60 min in WT versus C1ql1-null (C)
mice and PC-Bai3-null versus its control littermate Bai3flox (CTL, D).
(E) An orientation of stimulus and recording electrodes (left) and the stimulus protocol (CJ-stim, right) to induce LTD at PF synapses.
(F–H) PF-EPSCs just before (black) and 30min after (red) CJ-stim (F) and the data of LTD recordings inWT versusC1ql1-null mice (G) and PC-Bai3-null versusCTL
mice (H).
(I–K) Complex spike waveforms recorded from each mouse (I) and the quantification of the amplitude of afterhyperpolarization (AHP, J) and the pause length of
spontaneous spikes (K) after the complex spike.
***p < 0.001 by two-way repeated-measures ANOVA in (C) and (D). *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney U test in (G), (H), (J), and (K). Data are
represented as mean ± SEM.
See also Figure S8 and Movies S1 and S2.
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Figure 7. A Model for C1ql1-Bai3 Signaling in Synaptic Competition at CF Synapses
(A and E) The disparity is formed among multiple CFs innervating a single Purkinje cell soma by P7 in both WT (A) and C1ql1-null or PC-Bai3-null (E) cerebellum.
(B) Although the C1ql1-Bai3 signaling promotes maturation of all CFs, the winning CF may trigger a signaling pathway to eliminate less dominant synapses. The
winning CF may occupy the postsynaptic region close to proximal dendrites and prevent translocation of somatic synapses formed by less dominant CFs to
proximal dendrites.
(C) CFs remaining on the Purkinje cell soma are eventually eliminated.
(D) Knockdown of C1ql1 or Bai3 revealed that the C1ql1-Bai3 signaling is required to maintain the winner CF in adult.
(F) In the absence of C1ql1-Bai3 signaling, the dominant CF cannot be strengthened enough to prevent the translocation of synapses formed by less
dominant CFs.
(G) Weak CF synapses translocated to proximal dendrites escape from the elimination process at soma.
(H) Expression of C1ql1 or Bai3 in adultC1ql1-null or PC-Bai3-null Purkinje cells determines the single-winner CF by promoting thematuration of the dominant CF
and eliminating less dominant CFs.control [120 in 120 trials, n = 30]; p < 0.001 by Mann-Whitney
U test). Furthermore, dendritic spikes reportedly convey
additional signals by triggering a pause in firing following the
complex spike in WT Purkinje cells (Davie et al., 2008). Such
CF-evoked afterhyperpolarization (Figures 6I and 6J) and sup-
pression of the spontaneous spikes (Figures 6I and 6K) were
significantly reduced in Purkinje cells from C1ql1-null (both
ps < 0.05 versus WT) and PC-Bai3-null mice (p < 0.001 and
p < 0.01 versus control, respectively). These findings indicate
that C1ql1-Bai3 signaling is required for normal CF functions,
such as complex spikes and CF-evoked afterhyperpolarization,
which are necessary for LTD and motor learning in the adult
cerebellum.
DISCUSSION
In the present study, we demonstrated that C1ql1 from CFs
plays crucial roles in determining a single-winner CF during326 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.development by binding to its postsynaptic receptor Bai3 in
Purkinje cells. CF synapse competition during development is
divided into at least three stages: selection of functionally domi-
nant CFs by P7 (Figure 7A), further strengthening and transloca-
tion of the dominant CF to Purkinje cell dendrites (Figure 7B), and
elimination of weak CFs remaining on the soma while maintain-
ing a single-winner CF (Figure 7C). We propose that C1ql1-
Bai3 signaling is required for the second and third stages; in
the absence of C1ql1-Bai3 signaling, the dominant CF cannot
be strengthened enough to prevent the translocation of synap-
ses formed by less dominant CFs (Figure 7F), which escape
from the later elimination process (Figure 7G). These phenotypes
could be rescued by expression of C1ql1 and Bai3 in adult
C1ql1-null and PC-Bai3-null mice, respectively (Figure 7H).
Conversely, maintenance of the winner CF requires C1ql1-Bai3
signaling throughout adulthood (Figure 7D). Furthermore,
C1ql1 and Bai3 were essential for CFs to mediate cerebellar
synaptic plasticity necessary for motor learning. Therefore,
C1ql1-Bai3 signaling represents a new mechanism that regu-
lates the selection and maintenance of functional winner inputs
by an anterograde signal supplied by the input neuron itself.
Dual C1ql1-Bai3 Signaling in CF Synapse Formation and
Elimination
The P/Q-type Ca2+ channel is the major Ca2+ channel in Purkinje
cells and reportedly regulates developmental CF pruning (Kano
and Hashimoto, 2009; Watanabe and Kano, 2011). Ca2+ channel
activities are thought to mediate the selective enhancement of
a single strong CF input by inducing long-term potentiation
(LTP) (Bosman et al., 2008) and activating Sema3A signaling
in Purkinje cells (Uesaka et al., 2014). Ca2+ channel activities
also reportedly induce synapse elimination by activating the
Arc/Arg3.1 pathway in Purkinje cells (Mikuni et al., 2013).
GABAergic inputs also likely regulate CF elimination by control-
ling Ca2+ channel activities in Purkinje cells (Nakayama et al.,
2012; Watanabe and Kano, 2011). Indeed, mice lacking func-
tional P/Q-type Ca2+ channels do not exhibit disparity among
multiple CF inputs by P7, and Purkinje cells in adult mice remain
innervated by multiple CFs (Hashimoto et al., 2011; Miyazaki
et al., 2004). In contrast, disparity is normally formed among
CF inputs in C1ql1-null mice by P7, which is consistent with
the normal Ca2+ channel activities in these mice (Figure S2).
The CF-EPSC amplitudes in Purkinje cells lacking P/Q-type
Ca2+ channels (Hashimoto et al., 2011) or GABAergic inputs
(Nakayama et al., 2012) increased at later developmental stages
to a level similar to that in WTmice. By contrast, the amplitude of
the largest CF-EPSCs remained constant after P7–P9 in C1ql1-
null mice (Figure 1H). These findings indicate that C1ql1 does not
simply mediate signaling downstream of Ca2+ channels.
Another major pathway that reportedly mediates CF elimina-
tion in the later developmental stage (approximately the P12
stage in mice) is mGluR1 and its downstream signaling in Pur-
kinje cells, which involves molecules such as Gaq, phospholi-
pase Cb4, protein kinase Cg (PKCg) (Kano and Hashimoto,
2009; Uesaka et al., 2014; Watanabe and Kano, 2011), and
Sema7A (Uesaka et al., 2014). In mice lacking one of these
mGluR1 signaling pathway components, Purkinje cells remain
innervated bymultiple CFs, even in adulthood. Because mGluR1
is activated mainly by PF inputs, innervation of Purkinje cells
by multiple CFs in GluD2-null or Cbln1-null mice is thought
to be caused by impaired PF synapse formation (Watanabe
and Kano, 2011). However, unlike in C1ql1-null or PC-Bai3-null
mice, the numbers and heights of the CF terminals are unaf-
fected in mGluR1 knockout mice (Hashimoto et al., 2001). Simi-
larly, CF-EPSC amplitudes were also unaffected in Sema7A
knocked-down Purkinje cells (Uesaka et al., 2014), indicating
that signaling pathways downstream of mGluR1 are distinct
from C1ql1-Bai3.
If this is the case, then what is the function of C1ql1-Bai3
signaling? C1ql1 enhanced the amplitudes of the strongest
CF-EPSC and the weaker CF-EPSCs when it was overex-
pressed in all CFs at P0–P1 (Figure 2D). In addition, when
C1ql1 or Bai3 was knocked down in adult WT mice, the CF-
EPSC amplitudes and the number of CF synapses decreased
(Figures 5 and S7). Similarly, the number of CF terminals was
reduced in C1ql1-null and PC-Bai3-null cerebella (Figures 1and 3). These results indicate that the primary function of
C1ql1-Bai3 signaling is to promote CF synapse maturation
regardless of their synaptic strength. Synapse maturation could
be caused by enhanced formation or/and reduced removal of
synapses. Because the height of the CF synapses were signifi-
cantly reduced in the absence of C1ql1-Bai3 signaling (Figures
1, 3, 5, and S7), CFs are likely more dependent on C1ql1-Bai3
signaling to form and maintain synapses at distal regions of Pur-
kinje cell dendritic shafts.
C1ql1-Bai3 signaling exerts an apparently opposite function
on loser CFs: while overexpression of C1ql1 at P0–P1 strength-
ened winner CFs, it promoted early elimination of loser CFs at
P14–P15 (Figure 2). Similarly, reintroduction of C1ql1 or Bai3
in mice deficient in the corresponding molecule induced the
elimination of weak CF inputs in the adult cerebellum (Figure 4).
C1ql1-Bai3 signaling may simply promote maturation of the
dominant CF to the level where it could trigger signaling path-
ways, such as Ca2+ spikes and Arc/Arg3.1, to eliminate weaker
CF inputs, whereas the winner CFs with strong C1ql1-Bai3
signaling may be resistant to the elimination process. The auto-
proteolysis domain of Bai3 may also serve as a bistable switch
to distinguish the winner from losing synapses (Arac¸ et al.,
2012). Alternatively, C1ql1-Bai3 signaling may trigger a
pathway, which is independent of maturation of a winner CF,
to eliminate weak CF inputs. For example, Bai1, a relative of
Bai3, reportedly interacts with Elmo1/Dock180 (Park et al.,
2007) or Par3/Tiam1 (Duman et al., 2013) to control the activity
of the small GTPase Rac, a powerful regulator of actin cytoskel-
etal organization. Indeed, Bai3 was shown to interact with Elmo1
in vitro (Lanoue et al., 2013). Further studies are clearly war-
ranted to clarify how C1ql1-Bai3 signaling is regulated and func-
tions at CF synapses.
The Purkinje cell dendrites consist of two domains, a proximal
one innervated by single CFs and a distal one on which many
PF synapses are formed. These two domains are dynamically
established and maintained by competition between PFs and
CFs (Cesa and Strata, 2009; Watanabe and Kano, 2011). For
example, when PF synapses are reduced in Cbln1-null (Hirai
et al., 2005) or GluD2-null (Hashimoto et al., 2001) mice, CFs
form synapses on distal dendrites of Purkinje cells. Conversely,
when CF synaptic activity was pharmacologically inhibited or IO
neurons were lesioned, CF synapses were lost and PFs formed
synapses on proximal Purkinje cell dendrites (Cesa and Strata,
2009; Watanabe and Kano, 2011). Similarly, PFs invaded CF
territories in P/Q-type Ca2+ channel-deficient Purkinje cells
(Miyazaki et al., 2004). Notably, although CF synaptic inputs
were reduced, PF synapses did not form on proximal dendrites
of C1ql1-null or PC-Bai3-null Purkinje cells (Figures S1E and
S3E). These findings indicate that, although changes in C1ql1-
Bai3 signaling may be involved in the dynamic regulation of
CF territories, its deficiency was not sufficient to allow PFs to
form synapses on the proximal domain of Purkinje cell den-
drites. PF synapse formation requires Cbln1 released from
PFs to bind to GluD2 (Matsuda et al., 2010). Because GluD2
clustering is destabilized by Ca2+ channel activities (Hirai,
2001), reduction of Ca2+ channel activities may be a prerequisite
for PFs to form synapses on the proximal dendritic domain of
Purkinje cells.Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc. 327
C1q Family Proteins and Synaptic Functions
Based on the behavioral phenotypes of ataxic mutant mice
lacking mGluR1, PKCg, and GluD2, monoinnervation of Pur-
kinje cells by CFs was thought to be required for motor coordi-
nation (Chen and Tonegawa, 1997). In contrast, although
C1ql1-null and PC-Bai3-null Purkinje cells remain innervated
by multiple CF inputs, these mice have normal gaits without
significant impairment in beam or rotor-rod tests (Figure S8;
Movie S1). However, motor learning, as measured by hOKR,
was severely impaired in these mice (Figure 6). Recently,
mGluR1b-rescue mice, in which the splice variant of mGluR1
is expressed in mGluR1-null Purkinje cells, were shown to
display normal motor coordination, even though their Purkinje
cells were innervated by multiple CFs. These mice showed
impaired LTD and eyeblink conditioning, another form of
cerebellum-dependent motor learning (Ohtani et al., 2014).
Similarly, a single injection of recombinant Cbln1 restored
LTD and eyeblink conditioning in adult Cbln1-null mice without
significantly affecting the CF innervation pattern or LTP at
PF-Purkinje cell synapses (Emi et al., 2013). Furthermore,
GluD2DCT7-rescue mice, in which GluD2 lacking seven C-termi-
nal amino acids was expressed in GluD2-null Purkinje cells,
displayed impaired LTD and eyeblink conditioning despite
morphologically normal PF and CF synapses (Kakegawa
et al., 2008). These findings indicate that LTD, rather than
monoinnervation of Purkinje cells by CFs, is likely linked to mo-
tor learning in the cerebellum and indicate that C1ql1-Bai3
signaling is required for normal CF functions, such as complex
spikes and CF-evoked afterhyperpolarization, which are neces-
sary for LTD.
Family members of C1ql1 (C1ql2–C1ql4) are expressed in
various brain regions (Iijima et al., 2010). Bai3 and its related
members Bai1 and Bai2 are also widely expressed (Kee et al.,
2004) and have been implicated in psychiatric disorders, such
as schizophrenia and bipolar disorders (Lanoue et al., 2013).
Thus, signaling mechanisms similar to the one mediated by
C1ql1 and Bai3 in the cerebellum likely regulate synaptic compe-
tition and maintenance in various neuronal circuits essential for
brain functions. In the hippocampus, C1ql2 and C1ql3 are highly
expressed in adult dentate gyrus granule cells, and their mossy
fiber afferents make dynamic branched axon-type synapses
like CFs. Notably, mossy fiber synapses reportedly display
learning-induced structural plasticity related to the precision of
learning in adult mice (Ruediger et al., 2011). Therefore, future
studies should assess whether and how C1ql proteins mediate
activity-dependent structural plasticity essential for memory
and learning.EXPERIMENTAL PROCEDURES
All procedures related to animal care and treatment were performed in accor-
dance with the guidelines set down by the Animal Resource Committee of
Keio University. C1ql1-null, PC-Bai2-null, and PC-Bai3-null mice were gener-
ated and maintained on C57BL/6N backgrounds. As controls, WT mice were
used for C1ql1-null mice and Bai2flox, and Bai3flox mice were used for PC-
Bai2-null and PC-Bai3-null mice. For the behavioral analyses, littermates
were used as controls. Experimental details of mouse generation as well as
electrophysiological, anatomical, biochemical, structural, and behavioral ana-
lyses are described in the Supplemental Experimental Procedures. Data are328 Neuron 85, 316–329, January 21, 2015 ª2015 Elsevier Inc.represented as mean ± SEM. Statistical analyses were performed using the
Excel statistics 2012 add-in software (Social Survey Research Information),
and significant differences were defined as *p < 0.05, **p < 0.01, and ***p <
0.001.
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